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 A 3-species food web model is analysed, with stochastic variation in parameters.
 Noise affects either resource growth or consumer intake as a Gaussian function.
 Noise variance, colour, and the consumers foraging adaptation rate is varied.
 Environmental characteristics impact on the consumer–resource interaction strength.
 Noise impact on population variability depends on where it hits in the food web.
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The physiological performance and behaviour of organisms are contingent on environmental conditions.
When these conditions vary over time, this can have important consequences for the dynamics of
individual populations and entire species communities. While the importance of environmental variation
on the structuring and stability of natural food webs is recognised, little work has been done so far to
build up a theoretical understanding of these processes. Here we investigate a simple model food web,
where a consumer species forages ﬂexibly upon two distinct, inter-competing resource species. Resource
productivities or the resource intake rates by the consumer are assumed to depend on environmental
conditions in a realistic manner. Fluctuations in these parameters drive variation in the strength of
consumer–resource interactions, depending on whether the resource or the consumer is sensitive to
environmental noise. The way resources and the consumer respond to changes in environmental
conditions stems from the deterministic inﬂuence of each stochastic parameter on food web dynamics,
which interact with the consumer adaptation process as well as between-resource competition.
According to recent empirical reports, the mechanisms behind our results are likely to be relevant in
natural systems and thus the model predictions are of potential importance in understanding food web
responses to environmental stochasticity in general.
& 2013 Elsevier Ltd. All rights reserved.
1. Introduction
Variation in environmental conditions constitutes an integral
part of the dynamics of natural food webs (e.g., Ruokolainen et al.,
2009a). Environmental stochasticity affects all aspects of ecosystem
functioning, from nutrient cycling (Silvola et al., 1996) to primary
production (Ruel and Ayres, 1999), and consumer performance
(Englund et al., 2011). Changes in reproduction success, food avail-
ability, or foraging ability can be important factors affecting animal
behaviour, in terms of migration (Lindén et al., 2011), habitat selection
(Abrams, 2000; Abrams et al., 2012, 2007; Amarasekare, 2007), and
foraging (Abrams and Matsuda, 2004; Abrams, 1999; Post et al., 2000).
While the importance of local and spatial heterogeneity for food
web dynamics is recognised (Abrams, 2000; Rooney et al., 2008;
Ruokolainen et al., 2011), the role of stochastic ﬂuctuations in
environmental conditions as a source of such heterogeneity is not
yet understood.
In studies of stochastic food webs, environmental variation is
assumed to affect either basal resources (Gonzalez and De Feo, 2007;
Thébault and Loreau, 2005), intermediate consumers (Vasseur and
Fox, 2007), or both resources and their consumers (Ives, 2007; Ripa
and Ives, 2003). From these simpliﬁed model systems it is known
that the system-level consequences of environmental forcing depend
on which nodes in the food web are being affected by external
perturbations (Greenman and Benton, 2005a). The impact of envir-
onmental variation can also depend on the strength of species
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interactions within the food web (Ripa and Ives, 2003; Ruokolainen
and Ripa, 2012; Ruokolainen et al., 2009b) and temporal character-
istics of environmental ﬂuctuations, such as variance and colour
(Ruokolainen et al., 2009a). Variation in the colour (referring to the
dominant mode of ﬂuctuations; blue for fast and red for slow) of
environmental ﬂuctuations can have a different effect on species
embedded in food webs, depending on their trophic position (affecting
their demographic characteristics) (Greenman and Benton, 2005a,
2005b). A general pattern in simple systems is that species with slow
(fast) dynamics are destabilised (stabilised) by increasing environ-
mental reddening (Ruokolainen et al., 2009a). Moreover, both envir-
onmental amplitude (variance) (Vasseur and Fox, 2007) and colour
(Ripa and Ives, 2003) can interact with consumer–resource cycles,
affecting food web stability.
Adaptive behaviour is considered to be important for shaping
local (Abrams and Matsuda, 2004; Abrams, 2000; Ma et al., 2003;
Post et al., 2000; Teng and McCann, 2004) and regional (Abrams
and Ruokolainen, 2011; Abrams et al., 2012; Amarasekare, 2008,
2007; Ruokolainen et al., 2011) population dynamics, food web
structure (e.g., Beckerman et al., 2006; Heckmann et al., 2012), and
species persistence (Kondoh, 2006, 2003; Uchida and Drossel,
2007). Dynamic coupling of distinct food chains by an actively
foraging top predator is regarded as important for community
stability (e.g., Abrams, 2000; McCann et al., 2005; Rooney et al.,
2008; Teng and McCann, 2004). This means that mobile predators
can integrate over disparate energy sources (Vander Zanden and
Vadeboncoeur, 2002), and pursue relatively more abundant prey
while decoupling from scarce prey (McCann and Rooney, 2009).
While such behaviour can destabilise the dynamics of individual
food chains, asynchronous dynamics between them ensures that
dynamics of the entire food web become more stable.
Abiotic perturbations and behavioural dynamics are both impor-
tant drivers of population ﬂuctuations in food webs. However, at
present it is not clear how behavioural dynamics arising from trophic
coupling might interact with environmental ﬂuctuations, and how
this in turn affects the stability of food webs. Here we study simpliﬁed
food webs, consisting of two resources and one consumer, foraging
adaptively upon the resources, which are assumed to compete with
each other, in resemblance of so-called diamond-shaped food webs
studied elsewhere (e.g., McCann and Rooney, 2009). The system is
affected by environmental ﬂuctuations, such that the vital rates of
either resources or the consumer vary along these ﬂuctuations in a
realistic manner. Both biological parameters are assumed to have a
unimodal response to varying environmental conditions, reﬂecting
patterns in natural systems (e.g., Englund et al., 2011). We ask how
characteristics of environmental stochasticity (variance and colour),
and the point of environmental impact (either resources or the
consumer) affect food web dynamics under adaptive consumer
foraging. The consumer changes its preference on the two resources
ﬂexibly, depending on their relative proﬁtability.
In what follows we will ﬁrst introduce the deterministic
skeleton of our food web model and describe the relationships
between the parameters of this model with environmental sto-
chasticity. Next we will outline characteristic patterns in the
distribution of the stochastic parameters under varying environ-
mental properties, such as variance and temporal colour. Here we
will show that these patterns underlie characteristic effects of
environmental ﬂuctuations on population stability, due to varia-
tion in the interaction strength between the resources and the
consumer, arising from (i) variation in mean parameter values, and
(ii) the way populations react to periods of low resource growth or
resource consumption. Such periods promote consumer decou-
pling from resources, which has important consequences for food
web dynamics. This suggests that a consumerʼs adaptation poten-
tial can interact with stochastically driven variation in resource
productivity or consumer intake rates.
2. Methods
2.1. Food web model
Population dynamics in a diamond-shaped food web (McCann
et al., 1998; McCann and Rooney, 2009; Vasseur and Fox, 2007) are
given by the following differential equations:
dNi
dt
¼Ni½rikiðNiþbNjÞ
αiIiNiP
∑jαjNjþB0
ð1:aÞ
dP
dt
¼ P e∑iαiIiNi
∑jαjNjþB0
d
 
ð1:bÞ
dαi
dt
¼ gαie
IiNi
∑kαkNkþB0
 ∑jαjIjNj
∑kαkNkþB0
 
; ð1:cÞ
where Eq. (1.a) speciﬁes the dynamics of two resources Ni,
growing logistically in the absence of consumption. The parame-
terisation of the logistic used here separates the per capita
resource growth rate into a maximum per capita growth rate r
and a per capita reduction in that rate of k, giving a carrying
capacity of r/k (Abrams and Ruokolainen, 2011; Ruefﬂer et al.,
2006). The resource populations compete for a shared explicit
resource. The intensity of this inter-speciﬁc competition relative to
the strength of intra-speciﬁc competition is deﬁned by b. Resource
populations are foraged by a consumer species P, with a saturating
functional response. Resource consumption depends on the con-
sumer preference on each resource αi (proportion of resource i in
the consumers diet), the maximum intake rate Ii, and the half-
saturation constant B0. The consumer (Eq. (1.b)) converts ingested
resource to its own biomass with efﬁciency e. Consumer growth is
reduced by a constant loss rate d.
Consumer preference for resource i changes adaptively through
time according to Eq. (1.c), depending on adaptation rate g (Kondoh,
2003; 2006; Matsuda et al., 1996). This so-called ‘replicator equation’
weights the ﬁtness of a particular behaviour against the average
ﬁtness. Originally, this equation was introduced to describe evolution
in a population consisting of n different types. The replicator equation
then models the changes in the frequency of each type, depending
on their ﬁtness in comparison with the average ﬁtness within the
population (Hofbauer and Sigmund, 1998). Here foraging on resource
i is increased (decreased), if the potential energy gain from consuming
that resource alone is greater (lower) than the expected energy
gain from feeding on both resources. This constrains the consumer
preferences αi, such that Σαi¼1.
Following earlier work on adaptive consumer foraging, para-
meter values are chosen to generate cyclic population dynamics in
the absence of consumer adaptation and environmental stochas-
ticity (e.g., Abrams and Ruokolainen, 2011; Rooney et al., 2006;
Vasseur and Fox, 2007). We set ri¼0.65, ki¼1, b¼0.25, Ii¼0.65,
B0¼0.15, e¼0.5, and d¼0.1. In the absence of stochasticity, and
assuming random consumer foraging, increasing either ri or Ii is
associated with a Hopf bifurcation. This happens at rE0.354 and
IE0.362, respectively (see Fig. S1 in Supplementary material); the
exact point of the bifurcation can only be determined numerically.
When simulating the system under stochastic environmental
variation, consumer adaptation is assumed to be g¼0.5, which is
an intermediate rate between very slow (g¼0.01) and very fast
(g¼10). The robustness of our results against variation in the model
parameters, as well as the underlying stability of the community
equilibrium, were evaluated by analysing 1000 randomly drawn
parameter sets (randomising b, B0, e, and d, while keeping r, k, and I
constant), with all species persisting at the equilibrium (equilibrium
densityZ0.1), assuming either cyclic or stable equilibrium dynamics.
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2.2. Environmental stochasticity
We are here interested in the effects of environmental forcing on
food web dynamics. More speciﬁcally, we investigate how environ-
mental variation that directly affects either resources or the con-
sumer inﬂuences different aspects of individual populations and the
entire food web. Previously, noise has been introduced into the
population per capita growth rates in discrete-time (Greenman and
Benton, 2005b) and continuous-time (Xu and Li, 2003) food chain
models to demonstrate that the ‘point of entry’ of noise in the food
chain can affect the colour (spectral density) of population dynamics.
This approach is, however, somewhat problematic when considering
noisy consumer dynamics; population growth can be positive even in
the absence of food under favourable environmental conditions. For
simple consumer–resource models a mechanistic approach for gen-
erating temperature-dependent population dynamics has been pro-
posed, based on metabolic theory (Vasseur and McCann, 2005;
Vasseur, 2007). While this methodology is highly attractive, its
complexity hampers the tractability of environmental perturbations
in more complex food webs. Therefore we utilise a somewhat
simpler approach for introducing noise into our food web model.
When resources are sensitive to noise, we assume that resource
growth rate (ri) varies over time. For consumer species it is realistic
to assume that environmental ﬂuctuations affect consumptive
parameters, such as the maximum intake rates Ii (Englund et al.,
2011) (Fig. 1A). Stochastic parameters are assumed to have an
optimum-type response to noise (Englund et al., 2011; Laakso
et al., 2001), here modelled as a Gaussian function of environ-
mental variations
XiðtÞ ¼
1ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2wπ
p exp ðμiεiðtÞÞ
2
2w2
" #
; ð2Þ
where X is the stochastic parameter of interest (ri or Ii), εi is
species-speciﬁc environmental noise, μi is the species environ-
mental optimum, and w is the species environmental tolerance
(Fig. 1B). For simplicity, we assume that all species have their
optima at the long-tem environmental mean (i.e., μi¼0). In the
following analyses we assume that w¼1/3, resulting in E[Xi(t)]E
0.65, when environmental amplitude is set to s¼0.5.
Environmental noise εi is modelled as a 1/f process (Halley,
1996; Ruokolainen, et al., 2009a; Vasseur and Yodzis, 2004),
by summing up T/2 sine waves with random phases, where T is
the length of the noise time series
εiðtÞ ¼∑T=2f ¼ 1
1
f γ=2
sin
2πf t
T
þθiðf Þ
 
; ð3Þ
where t is time, f is frequency, γ is the spectral exponent, and θi(f)
is a vector of random phases, independently drawn from a uniform
distribution between [0,2π]. Parameter γ determines the ‘colour’
the noise time series (Vasseur and Yodzis, 2004), indicating the
rate of change in environmental conditions over time. When γ¼0
noise is said to be white (all frequencies have equal weight) and
there is no serial dependency between observations. Setting γ40
leads to an increasing dominance of low frequencies in the time
series seen as slow variation and strong serial dependency
between observations. This range of γ is collectively referred to
as red noise. Special cases include ‘pink’ noise (γ¼1), ‘brown’ noise
(γ¼2), and ‘black’ noise (γZ3). Pink noise has been proposed as a
null model for environmental variation (Vasseur and Yodzis,
2004). Here we will consider an ecologically realistic range of
noise colours 0rγr2 (Vasseur and Yodzis, 2004). Upon genera-
tion, noise time series are standardised and scaled to a desired
asymptotic variance s2. Finally, we assume that noise affecting
different components of the food web model are independent.
The ﬁltering of environmental ﬂuctuations (Fig. 1B) affects
species demographic parameters, depending on the amplitude of εi.
As the maximum performance is attained at the optimum, increas-
ing deviations from this optimum lead to a reduction in the long-
term mean of stochastic parameters (Fig. 2A). While the average
parameter values always remain in the region associated with cyclic
population dynamics in a deterministic system (Fig. S1), stochastic
variation at each time point can bring the system to a region of
stable equilibrium dynamics (Fig. 2B). However, increasing noise
amplitude also increases the risk of ri or Ii becoming too low
to support consumer growth (Fig. 2B). Environmental reddening
(increasing γ) is known to increase the occurrence of runs of
extreme conditions (Fowler and Ruokolainen, 2013a; Schwager
et al., 2006). In the present case environmental reddening increases
the expected length of periods associated with stable equilibrium
dynamics (and periods of unfavourable conditions for the consumer)
(Fig. 2C). These aspects of environmental stochasticity outlined in
Fig. 2 have important consequences for food web dynamics.
Fig. 1. (A) Model food web, where environmental stochasticity affects either the growth rates (ri) of two resources (Ni), or the maximum intake rates (Ii) of a consumer
species (P). (B) Species demographic parameters Xi (either ri or Ii) are assumed to have an optimum-type response to variation in environmental conditions, modelled as
Gaussian functions of environmental variation. Different lines correspond to different environmental tolerances w (SD of the Gaussian function): solid line w¼1/4; dashed
line w¼1/3; dash-dotted line w¼1/2.
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2.3. Analysis
The scope of this paper is to analyse how different aspects of
environmental stochasticity affect dynamics at the levels of the
entire food web and individual populations, when either the
resources or the consumer is sensitive to environmental ﬂuctua-
tions. Environmental characteristics that are known to affect food
web dynamics include the temporal mean (Vasseur and McCann,
2005), ﬂuctuation amplitude (Gouhier et al., 2010; Vasseur and
Fox, 2007), spectral colour (Gonzalez and De Feo, 2007; Greenman
and Benton, 2005a), and the similarity of species environmental
responses (Ripa and Ives, 2003; Ruokolainen and Ripa, 2012;
Thébault and Loreau, 2005). Here we concentrate on analysing
the effects of varying environmental amplitude (s2) and colour (γ).
We also consider the effect of varying consumer adaptation rate
(g), as different speeds of behavioural dynamics can potentially
resonate with the consumer–resource cycle in different ways,
depending on the regime of environmental variation.
We simulate the food webs numerically using the second-order
Adams–Bashforth method (Butcher, 2008), with a step size dt¼0.1
time units (environmental variation is updated for each full time
unit). The system is simulated for T¼10000 time units, and the ﬁrst
5000 are discarded prior to analysis. The remaining time series are
used to calculate the coefﬁcient of variation (CV¼SD/mean) of total
food web biomass and that of individual species (resource or
consumer). We also calculate the cross-correlation between resource
populations (resource synchrony), which is considered as a good
proxy for stability (Abrams and Ruokolainen, 2011; e.g., Teng and
McCann, 2004).
3. Results
3.1. Environmental characteristics
When noise impacts on resource growth rates (ri), the effect
increasing noise amplitude (s) has on the size of food web biomass
ﬂuctuations depends on environmental colour (γ). In general, the
reduction in the mean ri associated with increasing s (Fig. 2A) has a
stabilizing effect on the consumer–resource interactions (Fig. 2B; Rip
and McCann, 2011), explaining why the CV of food web biomass
decreases with increasing s under white environments (Fig. 3A). This
effect is relatively strong, as biomass CV decreases even though both
resources and the consumer decline in density (Fig. 4A, C). Environ-
mental reddening (increasing γ) leads to increasing biomass CV
under intermediate to strong s (Fig. 3A). Under weak forcing food
web dynamics always remain cyclic (Fig. 2B). Reduced mean growth
rates at higher environmental amplitudes make the resources more
responsive to environmental reddening, leading to slow, asynchro-
nous ﬂuctuations between resources, which are further ampliﬁed by
competition. This results in increasingly long time periods when one
of the resources is at very low density (both due to low ri(t) and
competition). Such periods favour the consumer to concentrate more
on the resource with the higher productivity (ri(t) and Ki(t)¼ri(t)/k),
which is prone to amplify the N–P cycles. Together, these two factors
explain why environmental reddening increases population and
biomass CV under relatively high noise amplitudes (Fig. 3A, C, E).
In contrast, when noise affects consumer intake rates (Ii), increasing
noise amplitude stabilises food web biomass variability independently
of noise colour (Fig. 3B). This is paralleled by decreased resource
variability (Fig. 3D), which is in turn associated with an increase in
resource density. These patterns are due to reduced predator intake
rates, having a stabilising effect on the N–P interactions (Fig. S1; Rip
and McCann, 2011). The increase in resource densities (due to reduced
predation pressure) initially promotes consumer density (Fig. 4D).
However, increasing either environmental amplitude (s) or colour (γ)
increases the likelihood that the consumer is temporally supported by
only one (or even none) of the resources (Fig. 2B, C)—intake rates
being too low to compensate for the loss rate (d). This lets resources
escape consumption under periods of sufﬁciently low Ii(t), which
dampens resource ﬂuctuations as less stochasticity is transmitted from
the consumer. Competition from the non-preferred resource further
supresses the density on the preferred resource, leaving the consumer
with less food available. Patterns in consumer variability (Fig. 3F) then
reﬂect those in consumer mean density (Fig. 4D). Increasing either s
or γ both increase the likelihood and duration of periods of starvation,
explaining the decline in consumer density.
3.2. Consumer adaptation rate
As in the case of environmental characteristics, how population
and food web level variability respond to varying consumer
adaptation rate (g) can depend on which parts of the system are
sensitive to noise. In general, the stability of food web dynamics
Fig. 2. (A) Increasing noise amplitude (s) leads to a reduction in the time average of a stochastic parameter Xi(t) (either ri(t) or Ii(t)). Different line styles refer to different
widths of species environmental tolerances (w; Fig. 1B). In addition, (B) increasing s also increases the likely hood of Xi(t) being associated with stable equilibrium dynamics
(solid line), given by the proportion of time Xi(t)oXin, where Xin is the point where deterministic dynamics become unstable (rinE0.354, IinE0.362). The dashed line give
the proportion of time Xi(t) when consumer is not sustained by resource i alone; at equilibrium, either ri(t)oB0kid(1þb)/(Iied), or Ii(t)od(riþB0kiþB0kib)/rie.
(C) Environmental reddening (increasing γ) is associated with an increased in the expected length of consecutive time steps with Xi(t)oXin (solid line), or when consumer
is not sustained by resource i alone (dashed line). In (A, B) γ¼1, and in (C) s¼0.5.
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affects the system's sensitivity to adaptive foraging (Post et al.,
2000). As environmental amplitude affects the average values of
stochastic parameters (Fig. 2A), and as varying either ri or Ii has a
different effect on underlying population dynamics (Fig. S1), it is
not surprising that population responses are more sensitive to
varying g when noise affects resource growth rates than when it
affects consumer consumption rates (Fig. 5A–D).
Under relatively low noise amplitudes, increasing g tends to
destabilise resource ﬂuctuations (Fig. 5A, B) and stabilise consu-
mer ﬂuctuations (Fig. 5C, D). This pattern arises due to the
consumer switching between the two resources, which on one
hand ampliﬁes resource dynamics, but on the other hand pro-
motes asynchronous resource ﬂuctuations (Fig. 5E, F). Asynchrony
in the consumers resource base leads to the so-called ‘bird feeder
effect’, where the consumer encounters a relatively stable food
supply by constantly switching between resources (McCann and
Rooney, 2009).
Increasing noise amplitude quickly reduces the sensitivity to
varying g, such that at s¼0.5 increasing the consumer adaptation
rate has almost no inﬂuence on the long-term patterns in popula-
tion dynamics. This arises namely due to the increased prevalence
of stable equilibrium dynamics (Fig. 2B), increasing the relative
contribution of stochastic variation in population ﬂuctuations.
However, qualitative differences appear in population time series
between low and high adaptation rates, as well as between
scenarios of the point of environmental impact. Under stochastic
ri′s slow adaptation is associated with long time-periods with only
one resource available to the consumer (Fig. 6A); the consumer
does not abandon the resource with low ri(t), leading to a collapse
of this resource. With fast adaptation the consumer usually un-
couples from a declining resource (unless the other resources has
even lower energetic value due to a low ri(t)), which acts to
prevent such collapses. In contrast to the previous case, stochastic
Ii′s and slow adaptation are associated with a relatively high
resource synchrony (under random foraging resource are fully
synchronised in the absence of noise) without resource collapses
(Fig. 6B). Again, fast adaptation asynchronous short-term ﬂuctua-
tions in resource densities. This beneﬁcial effect of fast adaptation
requires that the environmental variables εi(t) are not strongly
correlated, as this makes ﬁtness differences in engaging different
prey to diminish.
4. Discussion
The sensitivity of different species in food webs to environ-
mental variation can be important for population dynamics:
responses to changes in environmental characteristics—such as
variance and temporal colour, or adaptive consumer behaviour can
differ qualitatively, depending on whether environmental ﬂuctua-
tions affect resource productivities (ri) or consumer intake rates (Ii).
The inﬂuence of stochasticity on food web dynamics in our model
Fig. 3. How increasing environmental amplitude (s) affects food web and population dynamics depends on whether resources (A, C, E) or the consumer (B, D, F) is sensitive
to stochasticity, and the colour of environmental ﬂuctuations (γ). Environmental colour is either white (dashed line: γ¼0), pink (grey solid line: γ¼1), or brown (black solid
line: γ¼2). Panels represent the CV of food web biomass ﬂuctuations (A, B), and the CV of resource (C, D) and consumer (E, F) dynamics. Constant parameters: ki¼1, ri¼0.65,
Ii¼0.65, B0¼0.15, e¼0.5, d¼0.1, and g¼0.5. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article).
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Fig. 4. The response of mean population densities to variation in environmental amplitude (s) depends on whether resources (A, C) or the consumer (B, D) is sensitive to
stochasticity, and the colour of environmental ﬂuctuations (γ). Environmental colour is either white (dashed line: γ¼0), pink (grey solid line: γ¼1), or brown (black solid line:
γ¼2). Constant parameters: ki¼1, ri¼0.65, Ii¼0.65, B0¼0.15, e¼0.5, d¼0.1, and g¼0.5. (For interpretation of the references to color in this ﬁgure legend, the reader is
referred to the web version of this article).
Fig. 5. The sensitivity of different species (either resources or the consumer) to environmental ﬂuctuations has a qualitative effect on the impact of consumer adaptation has
on system dynamics: (A, B) the mean CV of resource ﬂuctuations, (C, D) CV of consumer dynamics, and (E, F) synchrony between resource populations. Different line styles
refer to the amplitude of environmental noise (s). Constant parameters: ki¼1, ri¼0.65, Ii¼0.65, B0¼0.15, e¼0.5, d¼0.1, and γ¼1.
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arises due to an interaction between environmental ﬂuctuations
and the optimum-type response of biological rates to these ﬂuctua-
tions (a ﬁltering process). Many results can be understood via
patterns in the occurrence of periods of relatively low resource
productivity or consumption (Fig. 2).
Increasing noise amplitude reduces the average of the stochastic
parameter (ri or Ii), which in turn weakens the consumer–resource
interactions and stabilises population ﬂuctuations. Stronger noise
increases the likelihood of the underlying dynamics becoming
stable, but it also leads to situations where the consumer is
temporally unsupported by one (or both) of the resources. Environ-
mental reddening increases the duration of such conditions. While
this promotes consumer decoupling from resources, the conse-
quences for food web dynamics are quite different, depending on
whether when noise affects ri′s or Ii′s. Under ﬂuctuating resource
productivities the consumer prefers to forage on the resource with
the higher ri(t), which actually destabilises temporal dynamics.
When consumption rates vary stochastically, low Ii(t) lets a resource
to escape consumption, which has a stabilising effect on long-term
dynamics.
When considering the interaction between environmental
variation and consumer adaptation, the effect of noise can again
depend on whether ri or Ii are sensitive to stochasticity. The
adaptation process is sensitive to the stability of consumer–
resource interactions, and variation in environmental amplitude
has different effects on the size of population ﬂuctuations depend-
ing on which parameters are sensitive to stochasticity (Fig. S1).
While the inﬂuence of adaptive consumer behaviour on food web
dynamics can differ between scenarios of environmental impact
under weak noise or when adaptation is slow, fast adaptation
promotes asynchronous resource ﬂuctuations under higher envir-
onmental amplitudes independently of the targeting of noise.
4.1. The point of environmental impact and why this matters
When subjected to environmental noise, the colour (spectrum)
of population ﬂuctuations becomes red-shifted for species higher
up in a food chain (Greenman and Benton, 2005a; Ripa et al.,
1998); higher-order consumers have slower dynamics than basal
resources, which translates to ampliﬁcation of low-frequency
ﬂuctuations in the environmental noise (Kaitala et al., 1997; Ripa
and Heino, 1999). Given that trophic links are biased (which they
usually are), the direction in which environmental perturbations
are transmitted through a food web has an effect on population
spectra (Greenman and Benton, 2005a). This means that both
population colour and variance can depend on which population(s)
in a food web is inﬂuenced by stochasticity.
Here we do not simply introduce environmental variation as
additive noise to population per capita growth rates (as, e.g., in
Greenman and Benton, 2005b; Ripa and Ives, 2003), but instead let
speciﬁc parameters to depend on environmental ﬂuctuations in a
realistic manner (Englund et al., 2011; e.g., Thébault and Loreau,
2005; Vasseur and McCann, 2005). These approaches generate
different predictions regarding increasing environmental ampli-
tude—while the traditional method predicts increasing population
variances, population ﬂuctuations can actually be dampened in
our model. This happens because increasing environmental var-
iance reduces the mean of stochastic parameters (having unimodal
response to environmental variation), leading to weakened con-
sumer–resource interactions (e.g., McCann et al., 1998; Rip and
McCann, 2011).
Vasseur and Fox (2007) studied a diamond-shaped food web,
where the death rates of two intermediate consumers were
multiplicatively affected by stochasticity. They reported that an
initial increase in noise amplitude stabilised consumer population
dynamics, while a further increase was destabilising (Vasseur and
Fox, 2007). This ﬁnding resembles our result when consumer
intake rates vary under white noise (Fig. 3F). In their model
increasing environmental amplitude increases the mean consumer
loss rate, which in turn decreases the net energy ﬂux from the
resource to the consumers, having a stabilising effect on popula-
tion dynamics (Rip and McCann, 2011). However, increasing
environmental amplitude increases the likelihood that consumer
loss rate exceeds the amount of energy gained from a resource
(eIiRi/(RiþR0)od), which in our model leads to the consumer
tending to become uncoupled from such a resource. This initially
reduces both resource and consumer variability, but eventually
leads to increasing consumer starvation.
Fig. 6. An illustration of the effect of consumer adaptation rate on food web dynamics, under intermediately (s¼0.5) strong pink noise (γ¼1). For the ﬁrst part of the
simulation adaptation rate is low (g¼0.01), and after t¼1500 is set to very high (g¼10). Blue colour indicates resource 1 (N1), red indicates resource 2 (N2), and black
indicates the consumer. Environmental variation affects either (A) resource growth rates (ri), or (B) consumer consumption rates (Ii). Panels (A) and (B) share the same values
for environmental variation. Constant parameters: ki¼1, ri¼0.65, Ii¼0.65, B0¼0.15, e¼0.5, and d¼0.1. (For interpretation of the references to colour in this ﬁgure legend, the
reader is referred to the web version of this article.)
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In general, differences between model predictions are likely to
arise due to three factors. Firstly, the nature of deterministic
population dynamics can have an inﬂuence on how perturbations
are ﬁltered through the food web; environmental weakening of
interactions associated with stable dynamics can in some cases
have a different result to that of unstable dynamics (Fig. S2).
Secondly, food web composition is likely to play an important role
in how environmental ﬂuctuations modify food web dynamics
(Greenman and Benton, 2005b). That is, a response of a population
to a perturbation is contingent on the patterns in between-species
interactions in the food web, as well as on the identity of species
targeted by the perturbation. Thirdly, in addition to the trophic
location of environmental impact, which parameter(s) is affected
by noise can also have a qualitative effect on how environmental
variation affects population stability. However, these factors are
unlikely to affect our main conclusions that the impact of envir-
onmental variation can be understood by considering the deter-
ministic roles of stochastic parameters as well as their temporal
distribution.
When environmental variation affects different aspects of
population growth (affecting either resources or the consumer),
it is not surprising that the underlying mechanism driving popula-
tion stability differs between scenarios. Introducing noise into
model parameters affects patterns in dynamical stability (Vasseur
and McCann, 2005), and the effect will vary when different
parameters are considered. When resource growth rates (ri) vary
stochastically, reduced mean resource carrying capacity (K¼r/k)
leads to a decline in population densities, but is also associated
with higher dynamical stability (Rip and McCann, 2011). In
contrast, under stochastic consumer intake rates (Ii) reduced mean
resource intake promotes higher resource densities. This increase
in food availability can in turn increase consumer densities, until
intake becomes too low for consumers to effectively utilise
abundant resources. The same effect can arise when increasing
consumer mortality, e.g., due to harvesting (Abrams, 2009;
Abrams et al., 2012). These results demonstrate that the way food
webs are affected by environmental ﬂuctuations can have impor-
tant, and previously unrecognised dynamical consequences.
4.2. Environmental colour
Vasseur (2007) analysed a simple consumer–resource model,
where ambient temperature was mechanistically related to spe-
cies biological rates. He showed that the stability of resource and
consumer population ﬂuctuations react differently to environ-
mental reddening; resource dynamics are more stable in strongly
reddened environments than in white environments, while con-
sumer ﬂuctuations are destabilised by reddening. These results
were related to two factors: (i) the resource (consumer) displayed
overcompensatory (undercompensatory) dynamics, which leads to
ampliﬁcation of reddened environmental noise (Petchey et al.,
1997; Ripa and Heino, 1999); (ii) environmental noise had a
stronger (weaker) effect on the target densities (temporal equili-
bria) of the consumer (resource), again increasing (decreased)
population variance in red environments (Greenman and Benton,
2005a). Using a linear model with one consumer feeding upon two
resources, Ripa and Ives (2003) demonstrated that the period of
the consumer–resource cycle resonates with environmental noise,
such that population variances are usually maximised at some
intermediate environmental autocorrelation between white and
red noise. The period length of the consumer–resource cycle is
inﬂuenced by the strength of interactions between the consumer
and the resources, which in turn determines the location of the
variance maximum along varying environmental colour (Ripa and
Ives, 2003). Ruokolainen and Ripa (2012) suggested that the
interaction strength could shift the consumer and resource var-
iance maxima with respect to each other, which could explain why
Vasseur and McCann (2005) observed maximum variability at an
intermediate noise colour only for the resource population.
In our model environmental amplitude and temporal colour
interact in affecting the likelihood and expected duration of
conditions associated with stable equilibrium dynamics, or the
consumer being unsupported by one of the resources (Fig. 2B, C).
Such conditions do not arise unless noise amplitude is sufﬁciently
high, which explains why environmental reddening does not affect
population dynamics under weak noise. Further, how environmental
reddening affects population dynamics depends on whether noise
affects resource productivity (ri) or consumer resource intake (Ii).
Uncorrelated (between-species), reddened environmental variation
ampliﬁes ﬂuctuations in the densities of competitors (Ruokolainen
and Fowler, 2008; Ruokolainen and Ripa, 2012). In addition to the
fact that the consumer couples more strongly to the resource that is
favoured by the environment (having a relatively high growth rate and
carrying capacity, which excites the consumer–resource cycle; Rip and
McCann, 2011), this explains why environmental reddening destabi-
lises food web dynamics under stochastic ri′s. Stochastically reduced Ii′
s also lead to the consumer independently uncoupling from the
resources. This lets the resources to recover towards their determinis-
tic carrying capacities, increasing their long-term densities. Further,
such a resource not favoured by the consumer competitively sup-
presses the other resource, which reduces consumer density.
Gonzalez and De Feo, (2007) studied a system where several
consumers competed over a common resource, with consumer
intake rates being affected by environmental stochasticity, in a
somewhat similar way as done here. In their model consumers
had different intake optima along an environmental gradient,
which affected their relative performance under varying condi-
tions. They reported increased consumer population variability in
association with environmental reddening, which matches our
results. In their model environmental reddening gives populations
more time to respond to changing conditions (improved environ-
mental tracking), which means that they attain lower densities
during periods of starvation and are able to reach their carrying
capacities when conditions are favourable. Also resource dynamics
should remain relatively independent of environmental condi-
tions, as decreased consumption by one species is compensated by
increased consumption by other species in the community
(Gonzalez and De Feo, 2007). This means that the mechanism
behind the increased consumer variability due to environmental
reddening differs from our model, with alternative resources
associated with independent environmental variables.
Due to non-linearities in deterministic population dynamics, as
well as in the environmental impact, it is not surprising that
predictions from simple linear models (e.g., Greenman and
Benton, 2005b; Petchey et al., 1997; Ripa and Heino, 1999; Ripa
and Ives, 2003) do not necessarily translate to our system and
those of others studying the impact of environmental stochasticity
in food webs (Gonzalez and De Feo, 2007; Greenman and Benton,
2005a; Vasseur and Fox, 2007). As explained above and in the
previous section, the impact of environmental noise does not arise
as a simple resonance between the frequencies of the environment
and those of population dynamics, but due to its impact on species
interactions, via changes in the temporal patterns in stochastic
parameters.
4.3. Adaptive consumer behaviour in noisy environments
Abrams (1999) suggested that adaptive behaviour on one
trophic level generally alters the response of other trophic levels
to environmental perturbations. However, little work so far has
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analysed stochastic food web dynamics in association with adap-
tive behaviour. The only example we know of is given by McCann
et al. (2005), who introduced white, uncorrelated noise in resource
carrying capacities in quad-trophic food webs with diet switching.
When a top predator selected between the top consumers in two
distinct food webs, increasingly balanced consumption (i.e., stron-
ger coupling between the food webs by the top predator) promoted
stability at the level of the entire system (McCann et al., 2005).
Our analysis provides the ﬁrst example of ﬂexible adaptation in
stochastic food webs.
Here we studied how increasing rate of adaptive consumer
foraging affects population dynamics, when pink environmental
noise (a realistic model for natural environmental ﬂuctuations;
Vasseur and Yodzis, 2004) affected either resource growth rates (ri)
or consumer intake rates (Ii). In both cases higher dynamical stability
due to increasing environmental amplitude makes the system less
sensitive to adaptive behaviour, and increases the relative impor-
tance of environmental ﬂuctuations in driving population variability.
When environmental noise is relatively strong, the rate of con-
sumer adaptation appears to have little impact on food web dynamics
(Fig. 5). Under fast adaptation the dynamics are indeed very similar,
when comparing cases with either stochastic ri′s or Ii′s (Fig. 6). In both
cases uncorrelated variation in the stochastic parameters promotes
more asynchronous resource dynamics, which is in turn associated
with dampened consumer ﬂuctuations due to reduced overexploita-
tion (e.g., McCann and Rooney, 2009; Rooney et al., 2006). In contrast,
slow adaptation resembles random foraging (forages on both
resources equally), as the consumer is unable to adapt to the current
ﬁtness differences before conditions change again (Fig. 6). This means
that, in the case of variable ri′s, the competitive suppression of a
resource with the lower growth rate is accompanied by the relatively
constant consumption pressure, which prevents the resources from
recovering until conditions have improved considerably. Under
stochastic consumption rates resources tend to ﬂuctuate in syn-
chrony (although there are differences in their temporal densities
due to differences in consumption rates), as expected under random
foraging in the absence of environmental variation.
4.4. Model assumptions
The results presented here are based on the assumption of
cyclic consumer–resource dynamics in the absence of environ-
mental variation, produced by an arbitrary choice of parameter
values. However, analysing several randomised parameter sets
indicates that the results considering the effects of noise ampli-
tude and colour are not sensitive to the speciﬁc parameter set used
here (Fig. S2A, B). Also, relaxing the assumption of cyclic equili-
brium dynamics does not either have a major qualitative inﬂuence
on the results (Fig. S2C, D). The only clear difference between
cyclic and stable dynamics arises when forcing resource growth
rates (for all noise colours), which is associated with increased
biomass variability with increasing noise amplitude under stable
equilibrium dynamics (Fig. S2C). This arises due to increased
population variabilities in response to reduced mean densities
(as a result of lower mean productivity, Fig. 2A).
While the nature of underlying food web dynamics is of little
qualitative importance for the results presented here (Fig. S2), the
shape of the species–environment interaction (here assumed to be
Gaussian) could potentially play a more important role (e.g., Laakso
et al., 2001). It is realistic to assume that, while not necessarily
symmetric, species physiological response to varying temperature is
unimodal (Dreyer et al., 2001; Englund et al., 2011; Freitas et al.,
2007). However, animals can alter their behaviour (foraging, habitat
selection, dormancy, etc.) in response to temperature variation
(e.g., Magnuson et al., 1979; Post et al., 1999). While considering such,
more complicated species–environment interactions are beyond the
scope of the current analysis, this is an important challenge for future
research.
For simplicity, we have here assumed that species environ-
mental optima are centred at the long-term mean of environ-
mental ﬂuctuations, and that parameters are independently
affected by noise. However, while species would have perfectly
adapted to certain conditions, changes in these conditions or
movement to new habitats are likely result in suboptimal adapta-
tion. In the present context this would mean that the long-term
distribution of stochastic parameters would change; they would
have lower means and different variances (the variance is max-
imised at the distance of one standard deviation from the
environmental mean; Fowler and Ruokolainen, 2013b). While
considering the distance between the environmental mean and
species optima would be yet another dimension in the analysis, it
would be unlikely that this would have any qualitative impact on
the results presented here, assuming that stochastic parameters
remain independently distributed.
4.5. Relevance to empirical systems
Evidence from experimental systems demonstrates that varia-
tion (and long term increase) in ambient temperature can modify
the strength of consumer–resource interactions, due to changes in
consumer feeding rates (e.g., Barton et al., 2009; Jiang and Morin,
2004; Laws and Joern, 2013; Rall et al., 2010), or food quality (Laws
and Joern, 2013). Temperature can be associated with varying
feeding rates due to physiological responses (Englund et al., 2011;
Sanford, 1999). The net consumer–resource interaction strength
can also be affected by varying consumer metabolic rates, which
can be associated with periods of predator starvation when the
metabolic rate exceeds that of resource ingestion (Rall et al., 2010).
Our model predicts that occurrence of such conditions can have
important consequences on the stability of prey and predator
populations. Feeding rates can also vary due to behavioural
responses to temperature. For example, diurnal activity of pre-
datory spiders (and their grasshopper prey) depends on tempera-
ture (e.g., Barton et al., 2009; Laws and Joern, 2013), which affects
the predator–prey encounter rates. Grasshoppers can also alter
their diet preference due to varying predation pressure (Barton
et al., 2009; Schmitz and Suttle, 2001). That is, temperature-driven
variation in predator activity can lead to cascading effects through-
out the food web.
The results presented here show how environmental charac-
teristics, in interaction with the non-linear ﬁltering of environ-
mental ﬂuctuations to biological parameters, impact on population
stability in simple food webs. Which ecological process (e.g.,
resource productivity or consumer resource intake) is affected by
environmental conditions further affects the way populations
respond to perturbations, and how adaptive behaviour might
inﬂuence population dynamics. As the model and its predictions
make sense in the light of empirical observations, our ﬁndings
add to the understanding of how biological systems behave under
variable environments.
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